Epitaxial layers of p-type indium phosphide (InP) have been grown by low pressure, metal organic chemical vapour deposition (LP-MOCVD) using diethylzinc (DEZn) as the p-dopant source. Proposed zinc-associated InP point defects and experimental DEZn doping data were used to formulate a point-defect equilibrium model of the Zn doping process of MOCVD InP. The model equation is contrasted with the experimental data and this comparison provides insight into the DEZn doping mechanism of InP on the atomic level.
Introduction
Epitaxial layers of the III-V compound semiconductors InP, GaInAs and GaInAsP with compositions lattice matched to InP are widely used for the fabrication of optoelectronic devices [1] [2] [3] . Many high speed optoelectronic devices rely on the creation of an electrical p-n junction using p-type InP with high carrier concentrations and abrupt changes over atomic distances. The most widely used p-type dopant for MOCVD InP is zinc [4, 5] . Epitaxial layers of Zn-doped InP have also been grown using different deposition techniques, such as liquid phase epitaxy (LPE) [6] , and both hydride [7] and chloride [8] chemical vapour deposition (CVD). Zinc-doped bulk crystals of InP have been grown by the liquid encapsulated Czochralski (LEC) method [9] . Zinc-doped InP grown by these widely varying techniques have similar incorporation characteristics. The most obvious similarity is that essentially all Zn-doped InP have the same dopant incorporation and electrical activation relationships relative to the dopant source concentration. The general relationships are: (1) the degree of electrical activation in zinc-doped InP varies with the amount of atomically incorporated zinc; (2) up to a certain zinc source concentration, Zn has an atomic solubility limit of 3-9 × 10 18 cm −3 in InP and then forms ZnP and (3) once this solubility limit is attained at higher Zn source concentrations, measured hole concentration values (p = Na-Nd) either remain constant or decrease. The reduction in the active hole concentration has been attributed to several atomic level processes such as compensation with interstitial Zn donor atoms [6] , evaporation of Zn [7] , formation of neutral Zn complexes [8] or precipitates [9] .
MOCVD grown samples saturate at a hole concentration, p, equal to 2-4 × 10 18 cm −3 and p has a square root dependence on the DEZn reactant partial pressure [4] . Also, as the MOCVD growth temperature is increased, holding everything else constant, hole and atomic zinc concentrations decrease due to increased zinc evaporation [5] . One team reported that for Zn concentrations up to 2 × 10 18 cm
, abrupt doping profiles are achievable, but, at very high Zn precursor flow rates, diffusion associated with Zn incorporation at interstitial sites is apparent [11] . Novel diffusion-based Zn doping techniques have been reported to achieve >4 × 10 18 cm
hole concentrations under DEZn partial pressure in the gas phase by open tube systems [12] and also diffusion through spin-on glass coated films containing Zn dopants [13, 14] . In these techniques, it was observed that the hole activation of the dopant from either charge compensated or donor-like Zn in the interstitial sites (introduced during the diffusion step) is caused by controlled annealing methods. Several analytical techniques have been employed to investigate the Zn-doped InP activation phenomenon.
Williams et al [15] have used proton-induced x-ray emission (PIXE) combined with channelling techniques to analyse Zn-doped InP. They concluded that neutral complexes such as V P Zn In V P (which was first proposed by Hooper and Tuck [10] based on external diffusion experiments) do not exist, but non-substitutional Zn is in the form of randomly distributed precipitates. Subsequently, Lennard et al [16] performed PIXE experiments on Zn-doped InP and found no evidence for precipitates, but state that V P Zn In V P and Zn In V P exist in Zn-doped InP and that their presence explains the double diffusion fronts observed by electron beam-induced current (EBIC) and secondary ion mass spectroscopy (SIMS) analysis of their externally zinc diffused samples. Interstitial zinc, Zn i + , [17, 18] and zinc as an intermediate reacting with substrate donor atoms to form a neutral complex [19] have also been proposed to explain Zn diffusion profiles in InP. Another report states that interstitial zinc must be electrically neutral [20] based on the shape of simulated diffusion profiles taking the charge of m, of Zn i m , to be 0, +1, +2. Kazmierski [20] also suggests that other theories that set m = 1 or 2 do not take into account the effect of substrate doping on zinc diffusion.
Positron lifetime measurements have been performed on Zn-doped InP crystals as reported by Dlubek and Brummer [21] . They report that the crystal doped with Zn at a concentration of 4.5 × 10 18 cm −3 shows strong positron trapping by vacancy defects, but no vacancies are found in crystals doped with Zn at a lower concentration of 2 × 10 18 cm −3 or doped with Sn, S or Fe. They also state that the existence of the complex V P Zn In V P , which is a deep unionized acceptor, is in perfect agreement with their positron results. Ebert et al [22] have reported their scanning tunnelling microscopy (STM) studies related to the formation of the inactive V P Zn In defect complexes. It is quite evident from their work that there is a significant charge related interaction or compensation between the hole-like Zn sites and donor-like vacancies. Also, the degree of this type of compensation varies as a function of the separation between the individual sites in the same lattice plane resulting in reduced concentration of electrically active Zn dopant atoms. Deep level transient spectroscopy (DLTS) has also been performed on Zn-doped InP and a hole trap with an energy of Ev t = 0.52 eV was observed [23] . The trap's origin is attributed to either a phosphorus vacancy or a phosphorus interstitial related defect. Kamijoh et al [24] performed 4.2 K photoluminescence (PL) on undoped InP grown by MOCVD at different V/III ratios. They conclude that Zn impurity incorporation is controlled by the V/III ratio. The effect of post growth cooling ambient (H 2 only, PH 3 and H 2 , AsH 3 and H 2 ) on the electrical activation of Zn and Cd dopants in MOCVD InP has also been studied and the atomic hydrogen released from the pyrolysis of the hydrides has an influence on the doping level of p-InP which has been postulated to form neutral point defect complexes with donor-like Zn interstitials as well as hole-like Zn in the indium vacancies [25] [26] [27] [28] .
In this paper we report on experimental and theoretical investigations of the process of p-type doping of InP. Epitaxial layers of p-type InP were grown by the low pressure metal organic chemical vapour deposition (LP-MOCVD) method using diethylzinc (DEZn) as the p-dopant source. A pointdefect equilibrium model of the p-type doping process of MOCVD InP was formulated. This model takes into account both active and inactive lattice sites related to the Zn complexes with the only exception being hydrogen related point defect complexes.
Experimental details
The Zn-doped InP deposition was carried out at P = 10 kPa and T = 898 K in a horizontal quartz MOCVD reactor with a RF heated graphite susceptor. The carrier gas was 7.0 standard litres/minute of UHP hydrogen. A TMIn mole fraction of 0.7 × 10 −14 and a V/III ratio of 140 were used for the 1-2 µm thick film growths. Both S-doped (n ≈ 8 × 10 18 cm
) and Fe-doped (semi-insulating) (100) oriented InP substrates were used. Prior to loading into the reactor, the substrates were mechanically polished using a brominemethanol solution, rinsed in methanol and blown dry with filtered high purity nitrogen. Clean quartzware (the liner tube, gas deflector and baffle) was used for each individual MOCVD growth and the graphite susceptor was baked out before each series of experiments to aid in experimental accuracy and reproducibility. More details about the growth system and experimental procedure can be found in prior related doping work [29, 30] .
Two physically distinct sources of DEZn were utilized in order to obtain a wide range of source flow rates. One source was a DEZn bubbler that was kept at 258 K (vapour pressure = 0.0825 kPa) and the other was a high pressure gas cylinder containing a mixture of 92 ppm DEZn by volume in UHP H 2 . With these source concentrations, a dynamic range of DEZn molar flow rates from 1.1 × 10 −7 to 4.92 × 10 −4 mol min
was attained. Several methods were employed to characterize the Zndoped InP thin films. The surfaces were observed using an optical microscope. For all doping levels, the grown layer morphology was smooth and essentially featureless. SIMS profiling was performed to determine the total atomic zinc concentration, [Zn] , in the grown layers. In figure 1 the [Zn] (from SIMS) data versus the DEZn partial pressure at the reactor inlet for experiments using both the bubbler and cylinder sources is plotted; the cylinder (fixed zinc concentration) source generated the three lowest [Zn] data points in figure 1 due to mass flow range limitations.
Electrical characterization of grown layers was performed using an electrochemical C-V profiler (Polaron) and by means of Hall effect measurements. The carrier concentrations measured at 300 K are also plotted as a function of DEZn partial pressure in figure 1 .
, [Zn] becomes much greater than p. Thus, at high DEZn molar flow rates, a large fraction of the zinc atoms is incorporated into InP lattice as either electrically neutral or possibly compensating donor defect complexes. It was also experimentally confirmed that the Zn doping level was unaffected by changes in the InP growth rate over a range of 0.5-1.5 µm h −1 (1.0 µm h −1 was our standard growth condition).
Model development
Several different point defects and defect complexes have been proposed to explain the apparent electrical inactivity of incorporated zinc in Zn-doped InP. These point defects and other host crystal point defects such as a phosphorus vacancy, V P , and an indium vacancy, V In , are represented in a fictitious two-dimensional InP lattice that is shown in figure 2 . The relative concentrations of these defects in a real crystal, depend upon the conditions for which it was grown and the environment it is presently in. Chemical reactions can be written for each point defect, and traditional methods of thermodynamics can also be used to derive expressions for the concentrations of neutral and charged point defects and complexes. The assumption will be made that the concentration of these point defects is small relative to the host crystal atomic concentration. This will simplify the equations required. Temperature-dependent equilibrium constants can also be obtained from experimental data or from estimates based on values of similar materials. Hurle 
(1)
has previously applied the point-defect analysis in a series of papers on undoped [31] , tellurium-doped [32] , tin-doped [33] and germanium-doped [34] GaAs. To our knowledge, this technique, applied to InP, has never been reported before. This method has been used to understand the relative concentrations of the point defects of Zn-doped InP that are shown in figure 2 . Anti-site defects (In P and P In ) may also exist, but it is assumed that their concentrations are small relative to the other defects already being considered. As stated previously, formation and ionization equations and equilibrium constants can be written for the point defects in Zn-doped InP. If the concentrations of the defects considered are small, then it is safe to assume that their activities are equal to their concentrations (activity coefficients are unity), except for electrons and holes. Also, if defect concentrations are small, then the activities of P P , In In and V In would be unity. Using these conditions, equilibrium constant expressions for each reaction can also be derived. The reactions to form the host crystal and zinc related point defects (which have been proposed in the reviewed literature) and their corresponding equilibrium relations are given in table 1 (equations (1)- (11)). Also given in table 1 is the electroneutrality relation (12) that is written under the premise that all stable solids are electrically neutral. The partial pressures of phosphorous and zinc, p P4 and p Zn , in the gas phase near the heated InP surface are known. As already discussed, the majority of zinc in the gas phase above the growing Zn-doped InP crystal is not incorporated into the solid. Also, InP is typically grown with a large overpressure of PH 3 (V/III = 140) that cracks to form P 4 . Consequently, both p Zn and p P4 are set equal to the reactor inlet gas phase partial pressures of DEZn and PH 3 , respectively.
It has been reported that γ n and γ p , the activity coefficients of the electrons and holes, are only important for closely compensated material [31] , hence their magnitude is set to unity. If the 11 constants K h1 -K h7 , K d8-K d11 , are known and electroneutrality is satisfied, then the 12 unknown defect concentrations: P i , In i , V P , V P + , n, p, V In , V In 
that only applies at room temperature. Useful SIMS data on Zn-doped InP samples taken at room temperature were also available. It must be assumed that zinc related defect concentrations at the growth temperature would be approximately the same at room temperature. The room temperature total zinc concentration, [Zn] (by SIMS), is then given by the following equation:
The room temperature electroneutrality equation (equation (13)) does not apply at the growth temperature. The full form of equation (12) in table 1 must be used to calculate the hole concentration at the growth temperature, but it can be simplified based on an order of magnitude analysis. Hurle [31] states that the group III vacancy concentration [V In ] can be neglected relative to the group V vacancy concentration. This is a good assumption since InP is always grown with a high V/III ratio and the growth rate is determined by the group III flow rate. The growth temperature (gt) hole equation now is p gt = n gt + Zn
Using the equilibrium constant relationships given in table 1, with γ n = γ p = 1, equations (13)- (15) 
where B 1 -B 7 are lumped constants defined as follows:
It is significant to note that when equation (16) is substituted into equation (17), the expected (often reported in the literature) p versus p Zn square root dependency exists.
For InP, the electron-hole pair equilibrium constant, K h4 (B 4 ) can be approximated using the following equation [36] :
where m e /m o = 0.077, m h /m o = 0.56, k = 1.38 × 10 −23 J/K, T g = 898 K (growth temperature), h = 6.624 × 10 −34 J s, E g = 1.0536 eV (InP bandgap at 898 K), and m o = 9.11 × 10 −31 kg. This value turns out to be K h4 (B 4 ) = 1.8713 × 10 32 cm −6 . Due to the large size of this constant, all constants, p, and [Zn] data were converted to mole fractions by a simple conversion factor. The factor (which is presented in Hurle [31] ) is based on the molecular density, volume and weight of InP, and Avogadro's number. The factor is one cm −3 = 2.557 × 10 −21 mole fraction. Using this factor, K h4 (B 4 ) = 1.2235 × 10 −9 mole fraction 2 . No direct estimate, either theoretical or experimental is available in the literature for constants B 1 -B 3 , and B 5 -B 7 . Because of this, a non-linear regression analysis program was used to determine the parameters for these constraints. The program is based on the Marquardt method [37] , which uses an interpolation technique to obtain model parameter values that minimize the overall (weighted) sum of the squared residuals. To use the program, one must first derive model and variational equations. The variational equations are obtained by taking partial derivatives of the model equation with respect to each unknown model parameter. Next, initial values for the unknown constants must be determined; we used the values that were reported by Hurle [33] for GaAs. If the model is sound, and the variational equations are attainable, best-fit values for the unknown constants can be determined using the program.
After the variational equations were derived and the initial constant values chosen, the experimental hole concentration data (converted to mole fractions) and their corresponding zinc partial pressures (in kPa units) were entered into the program as data set 1. The atomic zinc data (SIMS) and their corresponding zinc partial pressures were also entered as data set 2. Both data sets were taken from the experimental data shown in figure 1 . The phosphorus partial pressure, p P4 = 2.357 × 10 −1 kPa (V/III = 140), was also used. The program was run twice, once for each data set, and the program fit the model hole equation to data set 1 and the model total zinc equation to the data set 2 by adjusting the values of the unknown constants. For each execution, the program stopped once convergence had been achieved (a 95% confidence limit is met), and the best-fit values of the previously unknown model constants were determined. Three more constants, B 1 , B 2 and B 3 were fitted using data set 1. Then B 5 , B 6 and B 7 were also determined using data set 2. 
Discussion of results
Since activation values were calculated using both the experimental data and the model results. These values are plotted in figure 3 as a function of DEZn partial pressure in the reactor. There is some scatter in the experimental activation data points, but the often-reported trend towards lower percentage activation at higher DEZn partial pressures is clearly evident in both the experimental p/[Zn] data and the calculated best-fit model curve.
It is difficult to assess the real meaning of some of the evaluated constants that are actually combinations of at most two unknowns. But, using the total zinc data (data set 2) and the model determined constants, one can get an idea of the relative concentrations of the proposed point defects Zn In − , Zn i , V P Zn In V P and Zn In V P as a function of zinc partial pressure. These relationships are plotted in figure 4 . As shown, our proposed point-defect model indicates that at low zinc partial pressures, Zn In − makes up the majority of the total incorporated atomic zinc (p ≈ [Zn]). As the zinc partial pressure is increased, electrically inactive interstitial zinc, Zn i , and the complex V P Zn In V P gradually increase in relative concentration as Zn In − decreases (p < [Zn]). These trends are in perfect agreement with the conclusions made by Lennard et al [16] based on PIXE experiments and by Dlubek and Brummer [21] based on positron lifetime experiments. The model also shows that the complex Zn In V P is essentially nonexistent at all zinc partial pressures. This result, however, does partially contradict with the complexes Zn In V P and V P Zn In V P proposed by Yamada et al [38] to explain double diffusion fronts observed by EBIC and SIMS analysis. Yamada's samples were prepared by external zinc diffusion, however, which could explain the discrepancy.
The trends shown in figures 3 and 4 agree very well with the theories upon which the model was developed. However, other theories such as compensation due to ionized interstitial zinc and zinc-hydrogen passivation must also be evaluated by developing new model equations. Also, this work would be more convincing if fewer constants had to be fitted to experimental data. Unfortunately, InP has not received as much attention in the literature as GaAs and, consequently, little or no information on lattice dilation or high temperature Hall effect measurements is available. In the future, this method could also be applied to understanding the effects of varying the growth temperature and the V/III ratio on zinc incorporation in InP as well as being extended to model cadmium and magnesium doping of InP.
Summary and conclusions
Experimental and theoretical investigations have been undertaken in order to understand the process of p-type doping of InP using DEZn. Epitaxial layers of p-type InP have been grown by the low-pressure MOCVD method using (DEZn) as the p-dopant source. The experimental DEZn doping data and information from literature were used to formulate a pointdefect equilibrium model of the p-type doping process of MOCVD InP. Due to the severe complexity of the model equations, some simplifying assumptions were made and a non-linear regression analysis program was used to solve for the unknown model constants. For the case of DEZn doping, the often-reported square root dependence of hole concentration on DEZn molar flow rate is confirmed by the model. Also, the results of this model indicate that the dominant electrically inactive point defects in zinc-doped InP grown using high DEZn reactor partial pressures are interstitial zinc, Zn i and zinc complexed with a phosphorous divacancy, V P Zn In V P . The model also indicates that the previously proposed Zn In V P complex is essentially non-existent in Zndoped InP grown at all zinc source partial pressures.
